This study was conducted to investigate the gene expression profile of in vivo-derived bovine embryo biopsies based on pregnancy outcomes after transferring to recipients. For this, biopsies of 30-40% embryos were taken from grade I blastocysts (International Embryo Transfer Society Manual) and the remaining 60-70% of the intact embryos were transferred to recipients. Frozen biopsies were pooled into three distinct groups based on the pregnancy outcome after transferring the corresponding parts, namely those resulting in no pregnancy (NP), pregnancy loss (PL), and calf delivery (CD). Array analysis revealed a total of 41 and 43 genes to be differentially expressed between biopsies derived from blastocysts resulting in NP versus CD and PL versus CD respectively. Genes regulating placental development and embryo maternal interaction (PLAC8) were found to be upregulated in embryo biopsies that ended up with CD. Embryo biopsies that failed to induce pregnancy were enriched with mitochondrial transcripts (Fl405) and stress-related genes (HSPD1). Overall, gene expression profiles of blastocysts resulting in NP and CD shared similar expression profiles with respect to genes playing significant roles in preimplantation development of embryo. Finally, comparing the transcript signatures of in vivo-and in vitro-derived embryos with developmental competence to term revealed a similarity in the relative abundance of 18 genes. Therefore, we were able to present a genetic signature associated with term developmental competence independent of the environmental origin of the transferred blastocysts.
Introduction
Pregnancy loss (PL) due to early embryonic mortality is considered as a major reproductive problem in all mammalian species. In cattle, early embryonic loss between days 8 and 18 accounts for w40% of all PL (Ayalon 1978 , Diskin & Sreenan 1980 . Similarly, the vast majority of human embryos cultured in vitro at fertility centers worldwide fail to develop in vivo following transferring to the uterus (Dobson et al. 2004) with implantation rates of only 20% (Ebner et al. 2001) . However, in contrast to the bovine embryos, human embryos were transferred back to the oocyte donors and were transferred to the uterus at earlier stages of development. To date, the underlying molecular mechanisms regulating early embryo loss in both humans and cows are generally unknown. In addition, studies on embryo biology remain ethically challenging in humans. Therefore, other species like cows could be used as an experimental model to understand the molecular mechanisms related to embryonic developmental competence.
The impact of early embryonic mortality is not only a major obstacle to the cattle-breeding industry but also hinders the application of reproductive technologies in mammals such as in vitro embryo production and somatic cell nuclear transfer. Early embryonic mortality is caused by intrinsic defects within the embryo, an inadequate maternal environment, asynchrony between embryo and mother, or failure of the mother to respond appropriately to embryonic signals. However, the extent and regulation of altered gene expression during preimplantation development are likely to be critical for later development of the conceptus (Brison & Schultz 1997) . Using specific culture environments to produce mice or bovine embryos did not only result in altered gene expression of transcripts related to metabolism and growth but also resulted in altered conceptus and fetal development following transfer (Khosla et al. 2001 , Lazzari et al. 2002 .
Many studies examined differences in the expression of developmentally important genes (Rizos et al. 2002 , Knijn et al. 2005 , Corcoran et al. 2007 or global gene expression profile of in vitro-produced bovine embryos compared with their in vivo counterparts (Smith et al. 2005 , Corcoran et al. 2007 ). These studies confirmed that there are alterations in gene expression of embryos developed under different culture conditions, which result in reduced quality to be associated with fetal and neonatal abnormalities (Farin et al. 2006) subsequently. Such losses are commonly associated with IVF procedures in human and livestock species of the agriculture industry (Imakawa et al. 2004) .
It is assumed that essential mechanisms for embryo implantation must be supported by redundant pathways to ensure the conception of new offspring. Mamo et al. (2006) showed the differences in gene expression profiles of oocytes and embryos that differed in their developmental potential. However, the establishment of direct connections between embryonic gene expression profile and subsequent developmental potential remained challenging. So better knowledge of gene expression patterns and levels during early embryonic development would yield insights into the molecular pathways controlling early development (Khurana & Niemann 2000) to improve success of embryo culture and, in particular, to develop precise criteria for assessing the health of the early mammalian embryo (Watson et al. 1999) .
Recently, we showed that transcriptome analysis of biopsies taken from in vitro-produced bovine blastocysts based on pregnancy outcome after transfer could help to identify transcripts directly related to embryonic developmental potential (El-Sayed et al. 2006) . Similarly, we also reported that transcriptome analysis of biopsies taken from in vivo-produced bovine blastocysts could be used as an indicator for further development (Salilew-Wondim et al. 2010) . However, direct comparison of both studies is not possible because different array platforms were used to identify differentially regulated genes as well as different synchronization protocols of recipient heifers. Nevertheless, comparing the genetic signatures of in vivo-and in vitro-derived blastocysts with respect to developmental competence, if analyzed by the same techniques and experimental design, could open a new window to understand the molecular mechanisms related to embryonic developmental competence. Therefore, we aimed to extend that work (El-Sayed et al. 2006) with in vivo-derived embryos by using the same techniques and the same experimental design. Consequently, in this study, we aimed to compare the gene expression profile of embryo biopsies taken from in vivoproduced bovine blastocysts depending on the pregnancy outcome after embryo transfer. Finally, our superordinate goal was to compare the signatures of in vivo-and in vitro-derived blastocysts related to term development to identify common signatures closely related to developmental competence.
Results

Pregnancy outcomes after embryo transfer
In the present experiment, 49 in vivo day 7 blastocysts were biopsied. Thirty-eight of these blastocysts (77.7%) subsequently re-expanded and were transferred to recipients. Of the total recipients that received biopsied and re-expanded blastocysts, 36.8% (14/38) were classified as non-pregnant, while the remaining 63.1% (24/38) were classified as pregnant confirmed by ultrasound-guided pregnancy examination performed at day 28. Nine recipients (23.6%) were found to be pregnant at day 28 after estrus but no longer at day 42, which were classified as PL group. The remaining 15 recipients (39.5%, 15/38) resulted in calf delivery (CD).
Genes differentially regulated between embryo biopsies resulting in no pregnancy and CD
To obtain a high-confident set of differentially regulated genes, we used a rigorous combination of P values (P!0.05) and false discovery rate (FDR %5%). In addition, we set the cut-off value of fold change as R1.5. Based on these criteria, 41 genes were found to be differentially expressed. Biopsies corresponding to counterparts resulting in no pregnancy (NP) showed upregulation of 20 transcripts whereas 21 transcripts were found to be downregulated (Fig. 1A) .
These differentially expressed genes (Table 1) were found to represent genes with known function (nZ30) as well as unknown function (nZ11). All differentially regulated transcripts were functionally classified based on the criteria of Gene Ontology Consortium classifications (http://www.geneontology.org). The resulting data were supplemented with additional information from various tools available in the National Center for Biotechnology Information (http://www.ncbi.nlm.nih. gov/). Accordingly, certain groups of genes were up-or downregulated in the NP group compared with the CD group: biopsies that ended up with NP were found to be enriched with transcripts related to tumor necrosis factor receptor binding (TNF), protein binding (HSPD1), RNA binding (PA2G4), calcium ion binding (S100A10 and S100A14), and oxidoreductase activity (ND1, FL405, and AKR1B1). Transcripts related to protein binding (KRT8 and ELOVL1), DNA binding (H3F3B and H2FA), structural constituent of ribosome (RPLP0), placenta specific (PLAC8), growth factor activity (bone morphogenetic protein 15 (BMP15)), and signal transducer activity (RGS2) were found to be highly expressed in 552 N Ghanem, D Salilew-Wondim and others embryos resulting in CD. RT-qPCR confirmed the expression profile of S100A10, PLAC8, KRT8, BMP15, HSPD1, RGS2, and FL405 to be in agreement with microarray results considering biopsies of NP and CD groups (Fig. 2) .
Genes differentially regulated between embryo biopsies resulting in PL and CD Using criteria of P values (P!0.05) and cutoff fold change R1.5, 43 genes were found to be differentially regulated between embryo biopsies resulting in PL (pregnancy at day 28 but resorption until day 42) compared with embryo biopsies resulting in CD (Table 2 ). In summary, 20 transcripts were upregulated and 23 transcripts were downregulated in biopsies of the PL group compared with biopsies resulting in CD (Table 2) . These transcripts represent genes with known function (nZ36) as well as genes with unknown function (nZ7). Based on their functional annotation, genes involved in oxidoreductase activity (FL405 and FL396), structural constituent of ribosome (RPS15A and RPL3), ATPase inhibitor activity (ATPIF1), protein binding (CD9 and HSPD1), calcium ion binding (S100A10), and nucleotide binding (EEF1A1) were upregulated in embryo biopsies resulting in PL. However, biopsies resulting in CD were enriched with transcripts regulating signal transducer activity (RGS2), cell redox homeostasis 554 N Ghanem, D Salilew-Wondim and others (TXN), DNA binding (H2F2Z), placenta specific (PLAC8), growth factor activity (BMP15), and protein binding (KRT8). From those differentially expressed genes, the expression profile of two upregulated (FL405 and S100A10) and three downregulated genes (BMP15, KRT8, and PLAC8) were validated using RT-qPCR, and the result showed similar expression patterns in both expression-profiling methods (Fig. 2) .
Genes differentially regulated between embryo biopsies resulting in aggregate no CD and CD RT-qPCR validation of three downregulated genes (BMP15, KRT8, and PLAC8) and two upregulated genes (FL405 and S100A10) for NP, PL, and CD groups showed similar values for NP and PL groups without significant differences in relative abundance (Fig. 2) . In contrast, relative abundance of all five transcripts was significantly different for CD group (P!0.05) compared with NP group as well as for PL group (Fig. 2) . Since the biopsies of NP and PL did not result in CD, differentially expressed genes of these two groups were considered as no CD signatures (Tables 3 and 4) . Therefore, the pooled results from these groups were compared with the expression profile of embryo biopsies resulting in CD. Accordingly, the results showed 18 genes to be differentially regulated in common in NP and PL groups ( Fig. 1A and Table 3 ). However, 23 genes were identified to be differentially regulated exclusively in the NP group whereas 25 genes were differentially regulated exclusively in the PL group (Table 4) . Considering all 66 genes, no gene showed a contradictory trend of gene expression considering NP and PL groups as shown in Tables 3 and 4 . Since corresponding biopsies of NP as well as PL did not result in CD, differentially expressed genes of these two groups were therefore combined with an aggregate no CD signature (Tables 3 and 4) .
Genes differentially regulated between aggregate no CD and CD for in vitro-and in vivo-derived embryos
To investigate whether in vivo-derived embryos resulting in CD or no CD could have similar gene expression compared with in vitro-derived embryos of the same developmental competence, we compared the results of this study with those of our previous study focusing on in vitro embryo biopsies (El-Sayed et al. 2006) . In both studies, we identified 21 genes (Fig. 1B ) that are differentially regulated between biopsies resulting in no CD compared with CD for both in vivo-and in vitroderived embryos. Forty-five genes were differentially regulated exclusively for in vivo-derived embryos (19 upregulated and 26 downregulated) and 81 genes were differentially regulated exclusively for in vitro-derived embryos (64 upregulated and 17 downregulated). Of these 21 commonly differently expressed genes between no CD and CD, 18 showed the same trend of gene expression for both in vivo-and in vitro-derived embryo signatures (Fig. 1A) . Twelve genes were found to be commonly upregulated and six genes were found to be downregulated (Fig. 1A ). Only two differentially expressed genes (KRT8 and RPLO) did not show the same trend and only one gene (COQ7) showed a contradictory trend as shown in Fig. 1B .
Discussion
Analysis of gene expression patterns in early embryos using cDNA microarray provides insight into the function of gene regulatory networks leading to unravel the molecular mechanisms underlying developmental abnormalities (Adjaye et al. 2004) . Therefore, we focused on searching for genes that regulate the developmental competence of embryos to term. Hence, similar to our previous study (El-Sayed et al. 2006 ) focused on in vitro embryo biopsies, in this study, we identified gene expression differences between in vivo-derived blastocysts resulting in CD and NP or PL. For instance, blastocysts that ended up in NP were enriched with genes related to TNF, protein binding (HSPD1), RNA binding (PA2G4), calcium ion binding (S100A10 and S100A14), and oxidoreductase activity (ND1, FL405, and AKR1B1). Otherwise, transcripts related to protein binding (KRT8 and ELOVL1), DNA binding (H3F3B and H2FA), structural constituent of ribosome (RPLP0), placenta specific (PLAC8), growth factor activity (BMP15), and signal transducer activity (RGS2) were found to be downregulated in embryos resulting in NP compared with CD. Biopsies that ended up in PL were found to be enriched with genes involved in oxidoreductase activity (FL405 and FL396), structural constituent of ribosome (RPS15A and RPL3), ATPase inhibitor activity (ATPIF1), protein binding (CD9 and HSPD1), calcium ion binding (S100A10), and nucleotide binding (EEF1A1). Otherwise, transcripts regulating 556 N Ghanem, D Salilew-Wondim and others signal transducer activity (RGS2), cell redox homeostasis (TXN), DNA binding (H2F2Z), placenta specific (PLAC8), growth factor activity (BMP15), and protein binding (KRT8) were downregulated in embryos resulting in PL compared with CD. Interestingly, the signatures of in vivo-derived embryos resulting in NP and PL showed high similarities in our study. The RT-qPCR validation of five selected transcripts (FL405, S100A10, BMP15, KRT8, and PLAC8) showed similar trends and amounts for embryos of NP and PL groups, however, being significantly different compared with the CD group, that is, in great accordance with our previous study dealing with in vitro-derived embryos (El-Sayed et al. 2006) . Accordingly, comparison of the expression of 18 genes differentially expressed in NP and PL groups relative to the CD group showed the same trend for all 18 genes. Moreover, no contradictory expression trends were observed for 66 genes differentially expressed either for NP or for PL compared with the CD group. For example, embryo biopsies resulting in CD showed upregulation of RGS2 as well as KRT8 compared with both NP and PL groups. RGS2, a regulator of G-protein signaling family member (Zmijewski et al. 2001) , has been reported to be involved in regulating the intracellular calcium mobilization and T-cell proliferation at the maternal-fetal interface during embryo implantation (Huang et al. 2003) . Higher gene expression has already been reported for bovine zygotes with superior developmental competence (Salilew-Wondim et al. 2007) . Keratins like KRT8 are among the first cytoskeleton genes differentially expressed in the trophectoderm (TE) of mouse blastocysts (Brulet et al. 1980 , Jackson et al. 1980 , Oshima et al. 1983 ) and mediate cellular proliferation and differentiation during conceptus development (Blomberg et al. 2005) . Mice deficient for KRT8 caused embryonic lethality (Baribault et al. 1993) due to loss of contact between maternal and embryonic tissues resulting in early abortion (Hesse et al. 2000) . According to the results of this study and that of our previous study (El-Sayed et al. 2006) , we suggest that embryos that result in NP or PL are tending to have similar gene expression patterns. Indeed, embryos being viable until day 25, for example, would have been classified as NP group whereas embryos dying at day 29 would have been classified as PL group due to the fact that first pregnancy check was performed at day 28 in this study. Consequently, we aggregated the signatures of biopsies classified as NP and PL groups to an aggregate no CD signature being contrary to CD.
The results of this study were compared with our previous results (El-Sayed et al. 2006) to look into common molecular signatures of in vivo-and in vitroderived embryos related to developmental competence. Accordingly, we identified 21 genes differentially regulated between embryos of no CD and CD groups both in in vivo-and in vitro-derived embryos (Fig. 1) . Thus, the results of this study and the previous study (El-Sayed et al. 2006 ) evidenced that embryos developed under different culture conditions (in vivo and in vitro) have some similarities in their transcript abundances. That observation seems to be contradictory to numerous studies reporting differences in global gene expression profile between in vivo-and in vitro-derived embryos (Smith et al. 2005 , Corcoran et al. 2007 ) as well as differences in terms of selected developmentally important genes (Rizos et al. 2002 , Knijn et al. 2005 , Corcoran et al. 2007 ). In contrast to these studies, however, our study includes subpopulations of embryos with variable developmental competence into account, which might give a more objective picture.
Of these 21 genes, 18 showed the same expression trend for in vivo-and in vitro-derived embryos comparing no CD with CD respectively. For example, TXN was found to be upregulated in biopsies of embryos cultured both in vitro and in vivo resulting in CD compared with those leading to no CD. TXN had been identified as so-called 'early pregnancy factor' (Clarke et al. 1991 , Clarke 1992 . The biological functions of TXN include activation of some transcription factors, anti-apoptotic function, and proliferation (Hirota et al. 1997 , Powis et al. 1997 , 1998 , Arrigo 1999 , Arner & Holmgren 2000 . TXN helps the embryo to resist against oxidative stress (Kobayashi-Miura et al. 2002) . For instance, supplementation of the culture medium with thioredoxin was found to improve blastocyst formation, cell numbers, and incidence of apoptosis of in vitroproduced embryos of pigs (Ozawa et al. 2006) , cattle (Bing et al. 2003) , and mice (Nonogaki et al. 1991) . Lopata et al. (2001) demonstrated the importance of Six genes with the same expression trend for in vivoand in vitro-derived embryos comparing no CD with CD groups, respectively, had also identical expression trends for NP and PL groups (HSPD1, H2FAZ, BMP15, PTGS2/PGHS2/COX2, PLAC8, FL405). These genes may be ideal candidates for further functional analysis for the establishment of comprehensive physiological models of early embryonic mortality. For example, heat-shock 60 kDa protein 1 (HSPD1) are among the first proteins produced during embryogenesis (Bensaude et al. 1983 , Liu et al. 2004 and their main function is to protect cellular proteins during stress and act by anti-apoptotic action (Betts & King 2001 , Edwards et al. 2001 . Heatshock genes prevent apoptosis induced by a variety of stressors including oxidative stress (Yamagishi et al. 2002) and TNF (Soto et al. 2003 , Loureiro et al. 2007 , which was found to be also upregulated in embryos resulting in no CD in this study. In addition to HSPD1, others including PTGS2/PGHS2/COX2, BMP15, and PLAC8 were also enriched in embryo biopsies resulting in CD. For instance, prostaglandin G/H synthase 2 (PTGS2), which was also enriched in biopsies derived from blastocysts resulting in CD, is involved in the process of blastocyst implantation and plays important roles in embryo to uterus interaction processes (Snabes & Harper 1984) . Charpigny et al. (1997) showed that PTGS2 protein was localized only in trophoblast cells of ovine embryos. This may suggest that PTGS2/PGHS2/ COX2 is a potential candidate for blastocyst competency. PLAC8 was found to be upregulated in embryo biopsies resulting in CD in in vitro-and in vivo-derived embryos. That result is in line with several studies (Galaviz-Hernandez et al. 2003 , Klein et al. 2006 , suggesting that PLAC8 has a potential role for placental development as well as for the embryo maternal interface. BMP15, an important oocyte-derived growth factor that is required for normal folliculogenesis and female fertility of mammals (Juengel et al. 2002) , was highly enriched in embryo biopsies that ended up with CD. That is in line with the observation of Wu et al. (2007) who showed that human oocytes from follicles with relatively high BMP15 levels had a better developmental potential than those from follicles with relatively low BMP15 levels. Moreover, mutation of BMP15 has been found to be associated with hypergonadotropic ovarian failure in women (Di Pasquale et al. 2004) . Embryo biopsies resulting in CD also over-expressed H2FAZ, a gene related to histone modification. Aberrations in transcript levels of histone-modifying genes before and after embryonic genome activation had been reported to contribute to the poor quality of cloned embryos (Santos et al. 2003 , Nowak-Imialek et al. 2008 , Shao et al. 2008 .
According to the high signature similarities, we could imagine that in vitro-derived bovine embryos bearing term developmental competence do not differ largely compared with in vivo-derived embryos with term developmental competence. We speculate that differences between embryos of different developmental competence (CD versus no CD) are larger than those between embryos of different sources (in vivo versus in vitro). Whether embryos of both origins with developmental competence to term are similar in an absolute manner or in more a relative manner should be the topic of further studies. Nevertheless, our RT-qPCR validation results as well as the fact that some of the genes present in the commonly expressed signature had been reported 
558 N Ghanem, D Salilew-Wondim and others to be affected by the environment previously (Hoelker et al. 2009 ) indicate a relative similarity. However, gene expression was only investigated as average for a pool of blastocysts in that study. Whether environment affects gene expression of all embryos similarly or differently for subpopulations of embryos, for example, according to developmental competence, has not been evaluated in that study. Taken together in the present work, we identified genetic signatures of in vivo-derived embryos correlated with developmental competence to term. Embryos that result in NP or PL were difficult to distinguish with respect to gene expression profile. Moreover, a subpopulation of in vitro-derived blastocysts, namely those with developmental competence to term, expressed a genetic signature similar to that of in vivo-derived embryos with term developmental competence for a set of genes. Further gene expression analysis with larger numbers of genes of in vitro-and in vivo-derived embryos that ended up with similar phenotypes and further functional analysis of these genes will help in the establishment of comprehensive physiological models of early embryonic mortality and will provide the basis to devise new strategies with the aim of enhancing embryonic survival for human and bovine ARTS.
Materials and Methods
Experimental design
In vivo-derived blastocysts were flushed from superovulated heifers. After collection, blastocysts were split in two proportions: w60-70% of the entire embryos were transferred to synchronized recipients and the remaining 30-40% were stored frozen until CD. After checking the outcome of the transferred embryos, the corresponding counterparts were pooled into three groups, namely, I) NP, II) PL, and III) CD. These groups were subsequently subjected to gene expression analysis to identify differentially expressed genes related to developmental competence. Gene expression patterns were compared with embryo biopsies (group I versus group III and group II versus group III). An overview of the experimental design is shown in Fig. 3 .
In vivo embryo production
All experimental animals were handled according to the animal protection law of Germany. To collect in vivo-derived blastocysts, Simmental heifers (nZ12) of similar age (24 months) were maintained under identical conditions compared with our previous study (El-Sayed et al. 2006) . Heifers were synchronized as described by El-Sayed et al. (2006) . Briefly, heifers were synchronized by i.m. injection of 500 mg cloprostenol (PGF 2a , Estrumate; Essex Tierarznei, Munich, Germany) twice within 11 days (Fig. 4) . Two days after the administration of PGF 2a , all animals received 0.02 mg GNRH (Receptal; Intervet, Boxmeer, The Netherlands). Twelve days after the second GNRH injection, heifers received the first of eight consecutive FSH injections over 4 days in decreasing doses (in total 300-400 mg FSH according to body weight; University of Liege, Belgium). PGF 2a was administered 72 and 84 h after the initial FSH injection. Finally, 48 h after the first administration of PGF 2a , ovulations were induced by injecting 0.02 mg GNRH simultaneously with the first of a total of two artificial inseminations within a 24 h interval. The first day of insemination was defined as day 0. Figure 3 Overview of the overall experiment. Bovine blastocysts were split, the smaller proportions (30-40%) were stored frozen, and the parts consisting of 60-70% were transferred to recipients. Following this, the stored embryo biopsies were pooled according to the pregnancy outcome as no pregnancy, pregnancy loss, and calf delivery groups for gene expression analysis. 
Pools
Blastocyst recovery and embryo biopsy
The blastocysts were collected on day 7 after insemination. Embryo flushing catheter (CH15, Wö rrlein, Ansbach, Germany) was fixed in the uterine horn and subsequently embryos were flushed out by draining each uterine horn with 500 ml PBS. All the flushed blastocysts were assessed under a stereo microscope for their quality. Only blastocysts scored as grade I according to the Manual of the International Embryo Transfer Society (IETS) were used for biopsy performed using a Beaver microplate (Minitü b, Tiefenbach, Germany) and were fixed to a micromanipulator under an inverse microscope (Leica Camera, Solms, Germany). In this procedure, 30-40% of blastocysts containing both inner cell mass and TE cells were taken for biopsy, and the remaining 60-70% were cultured in vitro for 2 h to allow re-expansion before transferring to recipients. Only re-expanded biopsied blastocysts were transferred to recipients and the corresponding biopsies were snap frozen in cryo-tubes containing minimal amounts of lysis buffer (0.8% Igepal (Sigma), 40 U/ml RNasin (Promega), 5 mM dithiothreitol (DTT; Promega)). All frozen biopsies were stored at K80 8C until used for RNA isolation and subsequent transcriptome profiling.
Embryo transfer and pregnancy monitoring
Simmental heifers of similar age (24 months) were used as recipients for embryo transfer. Estrus was synchronized by administration of PGF 2a (2 ml Estrumate; Fa. Essex, Mü nchen, Germany) followed by a second administration 11 days later. Single re-expanded and blastocoel-formed biopsied blastocysts were transferred to recipients by nonsurgical standard procedures at day 7 of the estrous cycle. Following transfer, pregnancy monitoring was done at days 28 and 42. While those recipients that were not pregnant confirmed by ultrasonography at day 28 were classified as the NP group and those that were pregnant at day 28 but lost their pregnancy between days 28 and 42 were classified as PL group. Embryo biopsies that sustained pregnancy to term and delivering live calves were classified as CD group.
RNA isolation
Total RNA was isolated using PicoPure RNA isolation kit (MDS Analytical Technologies GmbH, Ismaning, Germany) according to manufacturer's instructions, and RNA isolation was performed using I) a total of nine pools, therefore three for each category, each containing three embryo biopsies, to be used for array analysis after amplification. II) RNA of these pools was enhanced with the RNA extracted from additional biopsies of the same group, which were not used for array analysis (two biopsies per each of the three pools for CD group, one biopsy per each of the three pools for NP group, and no additional biopsy for PL group) to perform RT-qPCR. Briefly, embryo biopsies using lysis buffer were mixed with 100 ml extraction buffer and incubated at 42 8C for 30 min to get complete lysis of the embryo biopsies and to release RNA. The embryo extract was loaded onto a pre-conditioned purification column and centrifuged to allow for the RNA to bind to the spin column. On-column DNA digestion using RNase-free DNase (Qiagen GmbH) was performed to remove any genomic DNA contamination. Following subsequent washing, the RNA was eluted with 12 ml RNase-free water.
RNA amplification
First-and second-strand cDNA synthesis were carried out as described in our previous studies (El-Sayed et al. 2006) . Briefly, 1 ml of 20 mM T7 oligo d(T)21 primer (TCTAGTCGACGGC-CAGTGAATTGTAATACGACTCACTATAGG-GCG(T)21) was added to total RNA of embryo biopsies and co-incubated for 3 min at 70 8C and placed immediately on ice for 2 min. Eight microliters of RT mix (1! first-strand buffer, 0.3 mM dNTP, 0.1 mM DTT, 10 U RNase inhibitor (Promega), and 200 U Superscript II RT (Invitrogen)) were added to the 11 ml mRNA sample. The reaction was incubated at 42 8C for 90 min and terminated by heating at 75 8C for 15 min. The second-strand synthesis and global PCR amplification were carried out using degenerated oligonucleotides primer (DOP) and PCR master kit (Roche Diagnosis). For this, 20 ml first-strand cDNA product, 40 ml of 2! DOP PCR master mix, 1 ml DOP primer to the final concentration, 1 ml of 20 mM T7 oligo (dT)21 primer, and 16 ml water were properly mixed. The reaction was heated at 95 8C for 5 min to activate the polymerase, followed by cycle of denaturation at 95 8C for 30 s and annealing at 30 8C for 90 s. Subsequently, the temperature was increased at the rate of 0.2 8C/s until it reached 72 8C and incubated for 3 min at this temperature. Once the second-strand synthesis was completed, global PCR amplification was continued for the rest of the ten cycles at 94 8C for 30 s, 60 8C for 30 s, 72 8C for 3 min, and final extension at 72 8C for 7 min. Ten cycles of amplification were found to be optimum to keep representation of the mRNA population after in vitro transcription (Mamo et al. 2006) . The cDNA was purified and used for in vitro transcription using AmpliScribe T7 transcription kit (Epicentre Technologies, Oldendorf, Germany) according to manufacturer's instruction. Briefly, 2 ml of 10! reaction buffer, 4 ml dNTP (100 mM each of ATP, CTP, GTP and UTP), 2 ml DTT, and 2 ml of T7 RNA polymerase were added to 10 ml purified cDNA, mixed well, and incubated at 42 8C for 3 h. At the end of incubation, 1 ml DNase has been added and incubated at 37 8C for 30 min. Then, the amplified RNA (aRNA) was purified using RNeasy Mini kit (Qiagen) according to the manufacturer's recommendations. Finally, the aRNA was eluted in 30 ml RNase-free water.
Aminoallyl labeling and dye coupling
Aminoallyl labeling and dye coupling was performed as described previously. Briefly, Minimum Information About Microarray Experiments (MIAME) guidelines were adhered to our experimental design. Three independent labeling reactions (including dye-swaps, Cy3, and Cy5) were carried out per aRNA sample pertaining to each biological replicate. Accordingly, 3 mg aRNA from each embryo biopsy pool representing each group was used as template in RT incorporating aminomodified dUTPs into the cDNA using the CyScribe PostLabelling Kit (Amersham Biosciences). The aRNA, anchored oligo(dT), and random nanomer primers were co-incubated at 70 8C for 5 min followed by incubation for 10 min at room temperature. Then, 10 ml reaction mix (containing 4 ml of 5! first-strand buffer, 2 ml of 0.1 M DTT, 1.5 ml dNTP mix, 1.5 ml aminoallyl dUTP, and 1 ml CyScript reverse transcriptase) was added to the RNA primer mix and incubated at 42 8C for 90 min. At the end of this reaction, 2 ml of 2.5 M NaOH was added to hydrolyze any rest of mRNA and incubated at 37 8C for 15 min. The aminoallyl-labeled cDNA samples were purified using CyScribe GFX purification kit (Amersham Biosciences) after adding 10 ml of 2 M HEPES. The purified aminoallyl-labeled cDNA samples were then eluted in 60 ml of 0.1 M sodium bicarbonate. The triplicate cDNA samples of each embryo biopsy group were differentially labeled indirectly using N-hydroxysuccinate-derived Cy3 and Cy5 dyes and incubated for 1.5 h at room temperature in dark.
At the end of incubation, non-reacting dyes were quenched by adding 15 ml of 4 M hydroxylamine solution (Sigma) and incubated for 15 min at room temperature in darkness. To avoid variation due to dye coupling, aRNA samples from the same group were labeled reversibly either with Cy3 or with Cy5 for dye-swap hybridizations. The reaction was then purified with CyScribe GFX purification kit (Amersham Biosciences). Samples were finally eluted in 60 ml elution buffer.
Probe hybridization
Probe hybridization was performed as described previously (El-Sayed et al. 2006) . Briefly, pre-hybridization of the slides was performed by placing the array slides into a corning GAPS II slide container and incubating in warm (55 8C) pre-hybridization buffer (5! SSC, 0.1% SDS (Sigma), and 1% BSA (Roche)) for 20 min. Following pre-hybridization, slides were rinsed for 1 min in boiling RNase-free water to denature probes and to wash unbound cDNA from the slide surface. The slides were immediately immersed in RNase-free water at room temperature and then isopropanol each for 1 min. Then, the slides were dried by centrifugation at 2000 g (370 r.p.m.) for 2 min. Hybridization and post-hybridization washes were carried out as described previously (El-Sayed et al. 2006) . The samples to be hybridized on specific array were mixed and dried in speedvac (SPD111v-230) and then centrifuged (Savant, Holbrook, NY 11741-4306 USA). Then, the pellet was re-suspended in pre-warmed (42 8C) formamide-based hybridization buffer (15 ml hybridization buffer (Amersham Bioscience), 30 ml of 100% formamide and 15 ml diethylpyrocarbonate (DEPC) water (1 ml of 0.1% diethylpyrocarbonate to 1000 ml distilled water)). To this, 2.5 ml yeast tRNA (4 mg/ml) and 2.5 ml Cothuman DNA (1 mg/ml; Invitrogen) were added to avoid nonspecific hybridization. The pellet was denatured at 95 8C for 5 min, centrifuged briefly, and hybridized to the array. The arrays were covered with glass coverslips (ROTH, Karlsruhe, Germany) and placed and fixed well in the hybridization cassette (TeleChem International, Inc., Sunnyvale, CA, USA). The cassette was incubated in a hybridization chamber (GFL, Dü lmen, Germany) at 42 8C for 16 h. After hybridization, slides were washed twice with 2! SSC-0.1% SDS buffer for 5 min at 42 8C, then once with 1! SSC, 0.2! SSC, and 0.1! SSC for 5 min each at room temperature. Finally, the slides were rinsed with RNA-free water and then with isopropanol for one min each and centrifuged at 2000 g (370 r.p.m.) for 2 min.
Array scanning and data analysis
Array scanning and data analysis were performed as described previously (El-Sayed et al. 2006) . Briefly, slides were scanned using Axon GenePix 4000B scanner (Axon Instruments, Foster City, CA, USA). The GenePix Pro 4.0 software (Axon Instruments) was used to process the images, to find spots, to integrate robot-spotting files, and finally to create reports of spot intensity data. The LOWESS normalization of microarray data was performed using GPRocessor 2.0a software (http:// bioinformatics.med.yale.edu/group/). The normalized data were used to calculate intensity ratios of all replicates and to obtain one value per clone. Ratios were finally log 2 transformed and submitted to significance analysis for microarray (SAM) analysis. Microarray data analysis was performed using SAM -free software developed at Stanford University (http://www-stat.stanford.edu/wtibs/SAM/).
RT-qPCR analysis
To validate microarray results, eight candidate genes were selected due to their high fold change or because of their differential expression both in this and in our recent study (El-Sayed et al. 2006) for further analysis by RT-qPCR (Table 5) . Quantitative analysis of cDNA samples was performed as described previously (El-Sayed et al. 2006 ) using ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA, USA). The cDNA was synthesized from independent embryo biopsies of all groups. RT-qPCR was first performed with all samples to test for any variation in the expression of this internal control gene (GAPDH). After confirming that there were no significant differences in the relative abundance of GAPDH between samples, all transcripts were quantified using independent RT-qPCR runs. Standard curves were generated for both the target and the endogenous control genes using serial dilution of plasmid DNA (10 1 to 10 8 molecules). The RT-qPCR was performed in 20 ml reaction volume containing 10 ml iTaq SYBR Green Supermix with ROX (Bio-Rad). During each RT-qPCR reaction, samples from the same cDNA source were run in duplicate to control the reproducibility of real-time results. A universal thermal cycling parameter (10 s at 50 8C, 10 min at 95 8C, 15 s at 95 8C for 45 cycles, and 60 s at 60 8C) was used to quantify each gene of interest. At the end of the last cycle, dissociation curve was generated by starting the fluorescence acquisition at 60 8C and taking measurements at every 7 s interval until the temperature reached 95 8C. Final quantitative analysis was performed using the relative standard curve method, and relative gene abundance of NP and PL groups were reported as n-fold difference compared with the CD group. Since gene expression of CD group served as control, relative expression of genes for CD group was set to 1.0.
Statistical analysis
The gene expression analysis for studied genes was performed based on the standard curve method. The relative expression data were analyzed using general linear model (GLM) of the Statistical Analysis System (SAS) software package version 8.0 (SAS Institute, Inc., Cary, NC, USA). Differences in mean values were obtained using ANOVA followed by a multiple pairwise comparison using the Tukey test. Differences of P!0.05 were considered as significant.
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